Adenine had a concentration-dependent relaxation action on the phenylephrine-contracted aorta ring, with an EC 50 value of 0:40 AE 0:12 mM. This effect was also observed in the endothelium-denuded aorta. Among the adenine analogues, N-methyladenine and benzimidazole still evoked an apparent relaxation effect, while 1-, 3-or 7-methyladenine and imidazole were no longer vasodilators. These findings demonstrate that the imino group from the uncharged imidazolium moiety in adenine played a key role in the relaxation of the contracted aorta.
Our recent studies have revealed that such small peptides containing Trp and His as Trp-His 1) and HisArg-Trp 2,3) played a potential role in the relaxation of the contracted rat aorta in an endothelium-independent manner. It has also been demonstrated that Trp-His could ameliorate the atherosclerotic vascular dysfunction in apolipoprotein E-deficient mice. 4) However, 1-or 3-methyl-His-Arg-Trp and His-Arg-Ala diminished the power of their mother peptide, His-Arg-Trp, 2) raising speculation that the imidazolium and/or indole moieties from peptides having nitrogen heterocycles may be of importance for relaxing the contracted aorta. In order to gain further insight about the effect of vasoactive peptides on the structural requirements of relaxation, we investigated in this study the relaxation behavior of adenine (6-amino-6H-purine) and its analogues on the contracted aorta, since adenine has structural similarity with the side-chains of Trp-His.
1-, 3-or 7-Methyladenine, N-methyladenine, benzimidazole (Sigma Aldrich Co., Tokyo, Japan) and imidazole (Nacalai Tesque, Kyoto, Japan) were used as adenine analogues in this work. A contractive study was performed using thoracic aorta rings from male 8-9 wk-old SD rats (SPF/VAF Crj:SD; Charles River Japan, Kanagawa, Japan) as described in the previous report.
5) The thoracic aorta was carefully excised from the rats and equilibrated for 45 min in a PSS buffer at pH 7.4 and 37 C which was bubbled with a 95% O 2 and 5% CO 2 gas mixture. The PSS buffer had the following composition (in mM): NaCl, 145; KCl, 5.0; Na 2 HPO 4 , 1.0; CaCl 2 , 2.5; MgSO 4 , 0.5; glucose, 10; and HEPES, 5.0. After the equilibration, the thoracic aorta was cleaned of adherent fat and connective tissue and cut into rings 2 to 3 mm in length. Special care was taken to avoid damaging the luminal surface of endothelium in all experiments on the endothelium-dependent vascular responses. The endothelium was removed by gently rubbing the luminal surface with a fine needle in order to examine the endothelium-independent vascular response. The effectiveness of removing the endothelium was confirmed by the absence of 100 mM acetylchorine (ACh)-induced relaxation in the phenylephrine (PE)-contracted aorta rings. All rat experiments were carried out under Guidance for Animal Experiments of Faculty of Agriculture and of Graduate Course of Kyushu University, and under Law no. 105, 1973 and Notification no. 6, 1980 of the Prime Minister's Office of the Japanese Government.
A prepared thoracic aorta ring was mounted between two stainless steel hooks in a 5-mL-organ bath filled with the PSS buffer and maintained at 37 C. The ring was allowed to equilibrate for 45 min under a resting tension of 2 g before the experiments were started. The PSS buffer adequately bubbled with the gas mixture (95% O 2 /5% CO 2 ) was exchanged every 15 min during the equilibration period. The aorta ring was contracted by 1.0 mM PE, and adenine and its analogues were then added to the bath in a cumulative manner (0.01-0.21 mg/mL) after maximal contractile tension had been achieved. The change in isometric tension (g) was measured with a force transducer which was connected via a Bridge 8 amplifier (World Precision Instruments, Berlin, Germany) to an MP100 data acquisition system (Biopac, Santa Barbara, CA, USA). The results in this study are expressed as the mean AE SEM (n ¼ 3{6). The statistical difference between two groups was assessed by a two-way analysis of variance (ANOVA), a value of p < 0:05 being considered as statistically significant. All analyses were performed with Stat View J5.0 software (SAS Institute, Cary, NC, USA).
Relaxation by adenine was examined in either 1.0 mM PE-contracted endothelium-intact or denuded aorta rings. Figure 1 shows that adenine evoked an apparent relaxation in endothelium-intact aorta rings with an EC 50 value of 0:40 AE 0:12 mM, showing much higher activity than that of the reported vasoactive peptides y To whom correspondence should be addressed. Fax: +81-92-642-3011; E-mail: tmatsui@agr.kyushu-u.ac.jp
) under our experimental conditions. Although data were not shown, exposure of the vascular wall to 0.1 mM benzimidazole and 8-sulphophenyltheophylline (an adenosine receptor antagonist) did not alter the vasorelaxation power induced by adenine, suggesting that the adenosine receptor/cAMP pathway 6) was not involved in the adenine-induced action. Adenine still possessed the effect on endothelium-denuded aorta rings with an EC 50 value of 0:35 AE 0:11 mM, comparable to that on the endothelium-intact aorta rings. The endotheliumindependent relaxation of adenine matched that in reports on nitrogen-heterocyclic Trp-His, 1) His-ArgTrp 2) and the Trp ethyl ester. 7) Although it has been revealed that these nitrogen heterocycles decreased the intracellular Ca 2þ level in part by binding to the L-type Ca 2þ channel in vascular smooth muscle cells, 2, 3, 7) an exhaustive examination to understand the underlying mechanism for the endothelium-independent relaxation of adenine remains for further studies which are now in progress in a cell-line experiment.
In order to clarify the structural requirements for relaxation by adenine, we next investigated the relaxation behavior of adenine analogues in PEcontracted aorta. N-Methyladenine (pKa, 3. 9 8) ), benzimidazole (pKa, 5. 4 9) ), 1-methyladenine (pKa, 7. 2 10) ), 3-methyladenine (pKa, 6. 1 11) ), 7-methyladenine (pKa, 4. 2 8) ) and imidazole (pKa, 7. 1 8) ) were used as adenine analogues. Figure 2 shows the relaxation profiles of adenine (pKa, 4. 2 12) ) and its analogues. N-Methyladenine (EC 50 : 0:46 AE 0:05 mM) and benzimidazole (EC 50 , 1:4 AE 0:1 mM) still exerted an apparent relaxation effect, while the other analogues had none. As depicted in Fig. 3 , N-methyladenine and benzimidazole, together with adenine can be categorized into having a common structural feature carrying the imino group (-NH-) in an uncharged imidazolium moiety under the experimental or physiological conditions (pH 7.4) tested. The heterocyclic indole moiety of adenine may also play a role in the relaxation effect, since benzimidazole had less effect than adenine and N-methyladenine, although the attractive contribution of the moiety still remains unclear from the results of our experiments. In contrast, the adenine analogues showing less relaxation effect lacked the imino group and/or had a positivecharged imidazolium moiety in their structures. Our previous report showing that methylation of His at the 1-or 3-position in His-Arg-Trp greatly reduced the endothelium-independent relaxation effect 1) also supports the structural requirement of the imino group of adenine for this effect. Taken together, these features provide useful structural information that the imino group or hydrogen from the imino group in the uncharged imidazolium moiety of adenine are likely candidates responsible for adenine-induced relaxation. In addition, the lack of the effect of imidazole as a part of adenine (Fig. 2) suggests that the relaxationsignaling cascade in contracted aorta recognized the overall structure of adenine, as in the case of vasoactive peptides that their constituent amino acids of His-Arg-Trp 1) and carnosine (-Ala-His) 13) evoked no relaxation.
In conclusion, we have demonstrated for the first time that adenine (6-amino-6H-purine) had the ability to relax contracted aorta in an endothelium-independent manner with an EC 50 value of 0.4 mM, in which the imino group in the uncharged imidazolium moiety of adenine, together with its heterocyclic indole moiety, may have played a predominant role in the vasorelaxation action. Contraction of the aorta from SD rats was initiated by adding 1.0 mM PE. Removal of the endothelial layer from the aorta was confirmed by there being no relaxation response against 100 mM ACh. Each result is expressed as the mean AE SEM (n ¼ 3{6). Differences between relaxation curves in the presence and absence of the endothelium were analyzed by two-way ANOVA. N.S. indicates no significance at p > 0:05.
Fig. 2. Relaxation Effect of Adenine and Its Analogues in Intact
Aorta Rings. The aorta from SD rats was contracted by adding 1.0 mM PE. Adenine and its six analogues (1-, 3-and 7-methyladenine, Nmethyladenine, benzimidazole and imidazole) were individually added to the bath. Each result is expressed as the mean AE SEM (n ¼ 3{6).
